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Introduction
The research is motivated largely by a desire to improve the understanding of oscillatory fluid mechanics and heat transfer inside a Stirling engine as well as to support the development of multi-dimensional CFD models for design of modern Stirling engines. Focus is given to the expansion region where the flow is separated and transitions from laminar flow to turbulent flow. In this region, such flow features as jets and vortices have been identified. Therefore, experimentation is necessary. In this study, the experiments are conducted to characterize the flow and heat transfer for comparison to computational results. Adolfson et al. (2003) conducted an introductory investigation of the flow features in the expansion space by utilizing two parallel disks as a simulation of the heater head region. Flow visualization and hot-wire anemometry measurements were performed under conditions of unidirectional flow and oscillatory flow (zero mean velocity). Valuable information was offered by this work towards understanding the fluid mechanics inside a Stirling engine. Unsteady separation and laminar-to-turbulent transition were shown in this study. However, a more accurate simulation of the expansion space geometry is needed and, thus, the present test section, with a more engine-like geometry, was made.
Dimensionless Similarity
A representative Stirling cycle engine, which has been tested by NASA, was chosen as a pattern engine to study the fluid mechanics and heat transfer characteristics appropriate for a Stirling engine expansion space. First, some parameters of the chosen pattern Stirling engine are introduced.
The Pattern Stirling Cycle Engine Parameters
Operating conditions and dimensionless parameters of interest for the pattern Stirling engine are listed in Table 1. A representative cut-away of a Stirling engine of similar geometry to the pattern Stirling engine is shown as Figure 1 . Dynamic similarity is used to model the engine aerothermal physics while avoiding the high temperatures and high frequency of the real engine. A large-scale test section is designed and fabricated by matching the non-dimensional numbers: Reynolds number, Re max , and Valensi number, Va. The maximum Reynolds number, 1150 (see Figure 2 ), and associated Valensi number, 6650 (see Figure 3 ), are chosen as representative numbers of the pattern engine.
Test Section Parameters
Determining the size of the test section requires considering the minimum measurable velocity. Adolfson et al. (2002 Adolfson et al. ( , 2003 Adolfson et al. ( , and 2004 suggested that the lowest velocity that could be accurately measured with a hot-wire is around 0.05m/s. This limitation affects the maximum size the test facility could have. The test section design process was by trial and error. A diameter of the displacer of 203 mm (8 inches) was selected. The remainder of the sizes of components (Table 2 ) came from this selection and the dynamic similitude requirements. Frequency and displacement come by matching the Valensi and Reynolds numbers. Ambient air is the working medium of the test. The maximum displacement of the displacer, X max , and frequency, f, are computed from the dimensionless numbers by using d displacer of 
Experimental Facility
Based upon the above the calculations, a test section, simulating the expansion space and the acceptor region of the pattern Stirling engine and an oscillatory flow generator were designed and fabricated. Both are discussed below.
Oscillatory flow generator
A cam mechanism ( Figure 4 ) is used to create sinusoidal movement. An eccentrically mounted round plate of 152 mm (6 inches) diameter rotates to push another round plate, which is placed normal to the rotating cam. A spring is utilized to keep the moving plate always in touch with the rotating plate. Since the vertical plate is always tangent to the round plate, the displacement of the plate, which is here defined to be the Linear Alternator Stationary Magnets Moving Iron same as the axial distance from the center of the plate to the center of its rotation, is:
The distance between the rotating center and the round plate center, R 0 , is 8.9 mm (0.35 inches), which is half of the required stroke.
Figure 4 Setup of the cam mechanism
The rotation is driven by a DC Gearmotor (Dayton, Model 4Z381A). The motor is controlled by a DC speed controller (Dayton DC Speed Control, Model 5X412D). The controller supplies a speed range of 0-96 rpm. Figure 5 shows a picture of the test facility.
Flow Resistance and 3-D Flow Path
To more accurately simulate the flowfield of the real Stirling engine, pressure loss coefficients of the real engine are replicated. A flow resistance is inserted into the regenerator region of the test section to match the characteristics of the actual regenerator pressure drop and achieve the proper balance between pressures and inertial forces of the pattern engine. A heater simulator is constructed by scaling the acceptor of an actual engine. This generates the 3-dimensional flow expected in the engine path. The flow resistance and the acceptor are discussed in the following section.
Figure 5 Test facility

Flow resistance simulation
The regenerator in the Stirling engine is a porous medium. To duplicate the pressure drop, a similar porous medium is inserted into the annular gap of the test section (shown in Figure 6 ). The resistance caused by the porous medium is representative of the flow resistance caused by a regenerator and a heat exchanger unit (cooler) in the engine. A 3M stripper pad 7200 (see Figure 7 ) is chosen for this matching. It occupies all the space between the tubes. Separate experiments verify a match with the actual engine. 
Acceptor simulator
The acceptor simulator shown in Figure 8 was constructed to generate the 3-D features of the flow from the regenerator to the test section. It is based on the information in Table 3 . There are 77 discrete rectangular slots. 
Experimental setup
Setup for Flow Visualization
To see the flow inside the test section, a clear acrylic head was made for flow visualization. It replaces the stainless steel head used for the velocity and heat transfer measurements. Figure 9 shows the setup for the flow visualization test. Smoke is fed to the near outer-wall region of the head through a thin, bent tube which passes through the regenerator simulator (porous insert). The smoke is fed directly to the region to be observed. Other means of feeding smoke were tried and the setup described was selected. A laser beam is shined through a glass rod to make a light sheet to illuminate the area of interest.
Figure 8 Acceptor simulator
A digital camcorder is used to record the unsteady flowfield. Both video and frames saved as still pictures were found to be useful for visualizing the flow at different times within the cycle.
In the movies and stills, θ is used as the value of the angle that the short axis of the cam (eccentric circular plate) makes with the horizontal line (see Figure 4 ). The gap between the head and the displacer is minimum when θ = 0°. 
Setup for Velocity Measurements
Of interest is the unsteady flow field between the displacer and the inside surface of the head, including the boundary layer on the inside surface of the head. Because of the movement of the displacer, the size of this space is changing. Measurements can be taken only in the head-todisplacer space available at θ = 0°.
As can be seen in Figure 6 , the measurement space is a fully closed region. Thus, eight holes are drilled for probe access. A guiding system was developed for positioning the hotwire probe. The flow is nominally axisymmetric (aside from the fine-scale circumferential variations due to the features of the acceptor simulator). Thus, to reduce interaction of the holes with the flowfield, measuring stations are distributed at various circumferential positions, as shown in Figure 10 .
The velocity is measured at p1 through p7 (see Figure 10 and Table 4 ). For each measuring station, there are 25 measurement positions normal to the head wall surface for p1 -p5, 23 for p6, and 22 for p7. For each position, measurements are taken for 150 cycles, and then ensembleaveraged velocities are calculated.
Setup of Temperature Measurement
The thermal field in the real engine is complicated and cannot be duplicated in the current test section. The objective of the present thermal study is to measure the convective heat transfer coefficient distribution on the inside surface of the head. The convective heat transfer coefficient is determined predominantly by the fluid dynamics, in this highly agitated flow and is expected to be only weakly affected by thermal boundary conditions. Figure 11 shows the thermal setup of the test section. A heating element, Chromalox HSP-2.75, is glued on the center of the head by using an epoxy of good conductivity. The input voltage of the heating element is set to 20 AC volts. A copper tube, 6.35 mm (¼ inch) O.D., is wrapped on the outer surface of the head where the acceptor simulator is located inside and glued using epoxy for good contact with the head surface. City water flows though the copper tube. Contact between the acceptor simulator and the inside surface of the head is enhanced by using woods metal. The woods metal is heated to liquid and then put in the gap between the acceptor and the inside head wall before it cools to become a solid. Therefore, heat transfer from the acceptor simulator to the cold tube is effective. When the internal air flow passes through the acceptor simulator, it is cooled uniformly because the acceptor simulator acts as an effective heat exchanger. The entire head is then wrapped using insulation material to reduce heat transfer to the ambient. Figure 12 shows the wall temperatures at the various measuring stations with the current setup. Figure 10 Locations of measuring stations
The access system and measuring stations used for velocity measurements are used also in the temperature measurements. Station P0 is used for monitoring the temperature in the center of an acceptor slot and very near the plane of the acceptor which is nearest the head. This temperature is used as a reference temperature. For each position, the measurements are taken for 200 cycles then ensemble-averaged temperature profiles are calculated.
RESULTS
Results of the flow visualization study
The purpose of the flow visualization is to have a general sense of the flow field before the detailed measurements are taken. The measurements are planned accordingly. As discussed, the measurements are taken assuming that the flow is two-dimensional. Flow visualization is able to show 2-D or 3-D flow features which might not be easily identified by looking at the measurement results only. Also the flow direction, which cannot be measured by a single hot-wire sensor, can be determined with the help of flow visualization. Figure 12 The wall temperature distribution In general, the flow field is axisymmetric and is generated by the sinusoidal movement of the displacer. In the exhaust half cycle, the displacer pushes the air toward the head and out the acceptor. The flow is impinged upon the head surface and then turns and flows out of the test section along the head curved surface. In the drawing half cycle, the displacer moves away from the head and the air is drawn into the test section through the acceptor. The air flows in along the head surface first and then turns toward the axial direction and follows the movement of the displacer.
By watching the flow visualization videos, we observe that a vortex (visible in Figure 13 ) is generated just to the left (in the picture) of where the acceptor plane (opposite the regenerator) resides. This frame was taken at about the end of the exhaust part of the cycle (θ = 360°) or about when the displacer top is nearest the engine head. The vortex drives flow near the acceptor toward the displacer. It is generated by the pressure field established during the exhaust half-cycle by the opposing movements of the bulk flow (upper region in the 
Results of Velocity Measurements
Velocity measurements show that the flowfield has a thick separation region on the entire head surface during the whole cycle. For the drawing half cycle, the separation region is caused by the flow moving away from the head due to the displacer motion. Separation during the exhaust half cycle was observed also by Gilard and Brizzi (2005) . They were investigating the slot jet impinging on a concave curved wall. When they reduced the ratio of the curvature diameter and the slot diameter, a "dead fluid" region was found in the region near the curved wall center. The flow was forced to turn without following the wall. It is felt that the separation zone is caused by local flow deceleration associated with the introduction of concave curvature. This local spatial deceleration due to curvature is present regardless of flow direction. Thus, separation is observed during both the exhaust portion of the cycle and the drawing portion of the cycle.
The thickness of the separation region changes during the cycle, however. When the free-stream velocity is large, the separation thickness is smaller and when the free-stream velocity is small, the separation zone is thicker. Also, the separation zone is thicker during the exhaust portion of the cycle (180° < θ <360°) than during the drawing portion of the cycle (0° < θ <180°). This can be seen in the velocity traces of Figure 14 . Note that the high-velocity region at θ =90° is nearer to the wall than the high-velocity region at θ =270°. This is generally true for all measurement stations. The separation thickness is larger at station p7 (nearer the top of the head) than at station p1 (nearer the acceptor).
In Figure 14 , and others, we can see high-frequency velocity changes, e.g. 70° < θ < 140°. This is not inherent in the engine flow but a product of the gear tooth geometry in the drive mechanism of the test facility. The driven gear rotational speed is not precisely constant, though the driving gear is. This is done by the gear train designer to reduce tooth stresses. It is an unattractive feature of this test. The overall effect is considered to be negligible, however. In the drawing half cycle, the displacer moves back from the head. The flow is drawn into the test section. The flow exits from the acceptor discrete slots as a series of jets (see Figure 16a ). Between the slots of the acceptor, the flow velocity in the test section is small. Thus, during the drawing half cycle, the flow is non-uniform near the acceptor plane exit. During the exhaust half cycle, the flow is blown out of the test section. The velocity is very uniform until it reaches the slots of the acceptor. Then the flow accelerates into the slots. Thus, during the exhaust half cycle, the flow is more uniform, but has lower velocities. This explains why the velocities in the measurement zone during the first half cycle generally are larger than the velocities during the second half cycle for measuring stations near the acceptor (see Figures 14 and 15 ).
Another interesting feature captured by the measurements is that the peak velocity region of the drawing half cycle (0° < θ <180°) moves. At p1 (Figure 17 ), the peak velocity is shown in the period of 60° < θ <110° in time and 1 mm away from the wall while at p2 (Figure 14 ), the center of the peak velocity region moves to θ = 100°. The movement of the peak Figure 1 Velocity (m/s) vs. phase angle at P3 NASA/CR-2006-214454 velocity region is more obvious at p3 (Figure 15 ). The center of the peak velocity region is at θ = 125° and 1.5 mm away from the wall. The movement of the peak velocity region suggests convection of flow features such as the vortex mentioned in the flow visualization section of this paper. This vortex was observed to be unsteady. The single hot-wire sensor can record only the velocity magnitude. Figure 16 The flow patterns at different parts of the cycle (a) Jets flow during the drawing half cycle (b) A sink flow is observed during the exhaust half cycle
Results of Temperature and Heat Transfer Coefficients Measurements
The objective of the thermal measurement program is to determine the convective heat transfer coefficients. Ensembleaveraged temperature profiles are presented in this section. Using the temperature profiles, heat flux, heat transfer coefficients, and Stanton numbers are computed.
Figure 17 Velocity (m/s) vs. phase angle at P1
Both the thermocouple probe and the cold-wire probe are used for temperature measurements. However, because of the low velocities, the response of the thermocouple is not fast enough to capture the temperature changes in the flow, which has an oscillation frequency of about 1.6 Hz. The only thermocouple measurements used are those taken near the wall. They help determine the heat flux. This will be discussed later in the section.
Results of the temperature measurements
The temperature profiles are used also to help study the fluid dynamics, for the thermal signal acts as a tracer. The thermal signature movement can be correlated with the same features affecting the velocity measurements. During the drawing half cycle, one would expect that the cold flow from the acceptor comes into the test section and the temperature drops. But, at p1, p2, and p3, the flow temperature is higher than the wall temperature (see Figures 18, 19, and 20) . This means that some of the heated flow remains in the test section during the exhaust half cycle. Recall the vortex shown in the flow visualization and that this vortex occurs in the region of p1. In the exhaust half cycle, the flow is generally heated and pushed out of the test section. The flow temperatures at p1 and p2 rise (see Figures 18 and 19) . During the exhaust half cycle, the flow temperatures in the free-stream at p3, p4, p5, p6, and p7 decrease (see Figures 20-24) . That is because of heat transfer with the displacer. The flow, cooled by the displacer, is passing by the probe.
In general, the thermal boundary layer near the center of the head at p4, p5, p6, and p7 is thicker than that near the knuckle region at p1, p2, and p3, which agrees with the momentum boundary layer thickness evaluations from the velocity measurements. 
Results of heat transfer coefficient measurements
The heat transfer coefficient, h, is the key parameter to be evaluated. It is assumed that it is primarily dependent on the fluid mechanics and only secondarily dependent on the thermal boundary conditions. This assumption will be discussed more thoroughly below. This is expected for wellmixed flows. There are questions about the robustness of this assumption in separated flows. Within the separation zone, we must be content to just state that heat transfer coefficient, h, is very low.
Measurements of the heat transfer coefficients are based on the fact that there is a conduction region near the wall, the inner part of the boundary layer (called the conduction layer), where the flow velocity is low and wall-normal transport is by molecular conduction only. The temperature profile near the wall region is carefully measured with high spatial resolution. The slope of the linear gradient of the temperature in the nearwall region is used to calculated the heat flux by using the following equation:
Through the measured temperature profile, we can get the wall temperature and the free-stream flow temperature. Therefore, the heat transfer coefficient is calculated as:
Figure 25 Schematic of the setup for the thermocouple measurements
Heat flux
A thermocouple probe was the first thermal probe used in this study. Figure 25 shows the schematic of the setup with this probe. The probe is drawn toward the wall until the tip touches the wall. Then the probe is traversed away from the wall with very small steps. Electrical continuity with the wall is used to determine when the thermocouple tip departs from the wall. The wall location uncertainty is 50 µm.
Measurements from this thermocouple probe of temperature profiles in the near-wall region are sufficiently accurate for processing of heat flux. However, it is found that the time constant of the thermocouple probe is too large; it cannot capture the temperature change in the free-stream which has significant amplitude of change with a frequency of more than 2 Hz. This brings up the problem of calculating the heat transfer coefficients, which requires the free-stream temperature values. Instead of the thermocouple probe, a coldwire probe is substituted. The cold-wire probe is a hot-wire probe operated as a resistance temperature detector. Data from the traversing cold-wire probe were found to be useful for computing all components of the heat transfer coefficients in the thick boundary layers. The thermocouple measurements near the wall are used only to help determine the linear temperature gradients in the near-wall region by comparing to the cold-wire measurements. Figure 26 shows the ensemble-averaged heat flux distributions on the wall surface during the cycle. The heat flux is set to be positive if the heat transfer is from the flow to the wall; it is negative if the heat transfer is from the wall to the flow. At p1, p2, and p3, the heat transfer is from the flow to the wall in the periods of 0° < θ < 50° and 250° < θ < 360°.
During the rest of the cycle, the heat transfer is from the wall to the flow. At p4, p5, p6, and p7, the heat transfer is from the wall to the flow during the entire cycle. The maximum magnitude of heat flux appears at p7. In general, the heat flux drops from p7 to p1, which agrees with the thermal setup.
However, at p2, in the periods of 75° < θ < 175° and 275° < θ < 340°, the heat flux is larger than at p1 and p3. That is because p2 is a location of strong wall curvature.
Adiabatic wall temperature
To calculate heat transfer coefficients by using Eqn.
(3), we must determine the wall temperature and the free-stream temperature (or sink temperature) from the measured temperature profiles. The wall temperature is consistent and obvious from the measurements. We use the temperature at first point (nearest to the wall) as the wall temperature. This agrees with values from embedded thermocouples. The sink temperature (free-stream temperature) is not easy to determine due to the curved surface and mixing of flow. Figure 27 shows the temperature profile at θ =328° of p3, as an example. The free-stream temperature profile is not uniform at this time. The flow closer to the wall has a higher temperature than the flow far away from the wall. It is obvious that the temperature difference between the wall and the flow adjacent of the thermal boundary layer, in the region of 2.3 mm < y < 3.3 mm, drives the heat transfer between the flow and the wall. Therefore, we next introduce the free-stream temperature profile and propose the adiabatic wall temperature as the sink temperatures for evaluating heat transfer coefficients, as will be discussed.
The free-stream temperature profile is defined as the temperature distribution beyond the thermal boundary layer's edge. Taking the example at p3, we select temperatures beyond y = 2.3 mm for the free-stream temperature distribution and select the temperature at y = 2.3 as the freestream temperature (see Figure 27 ).
The adiabatic wall temperature is the wall temperature that would be if there were no heat transfer between the wall and the flow at the point of interest. Eckert (1984) found that a Wall Thermocouple probe heat transfer coefficient based on the adiabatic wall temperature in film cooling experiments depends only on the fluid mechanics. With film cooling, a jet of cool fluid is introduced into the thermal boundary layer of interest. The film cooling flow mixes with the mainstream flow, similar to the way in which the mainstream flow is mixing with the heated flow being convected from other heated regions in the present study. In a typical film cooling study, the adiabatic film cooling temperature is measured first in a test with an adiabatic wall. Then the heat transfer coefficient is measured, using that adiabatic wall temperature as the sink temperature. However, due to the thermal setup of the current experiment, we cannot measure the adiabatic wall temperature in an experiment which has an adiabatic wall. Instead, we find the flow region which is responsible for the local heat transfer between the wall and the flow and define the thermal boundary layer to be that region. We use measurements of velocity to identify the momentum boundary layer thickness to aid in this determination. We then extrapolate the temperature profile of the flow external to the thermal boundary layer, as shown by example below. The extrapolated temperature on the wall is defined as the adiabatic wall temperature. It is the temperature the wall would have if that section at the wall were not heated. Figure 27 shows an example of how we get the adiabatic wall temperature. From the velocity profiles, we identify the boundary layer thickness, in this case δ = 2.0 mm. We assume that the thermal boundary layer is approximately of the same thickness. We use this to locate points just outside of the conduction layer in the measured temperature profile (three points in the range 2.3 mm < y < 3.3 mm in this example) and extrapolate the slope they make to the wall to determine the adiabatic wall temperature.
The heat transfer coefficient based on adiabatic wall temperature is defined as: (4) Figure 28 shows such heat transfer coefficients based upon the adiabatic wall temperatures. These are expected to depend predominately on the flow field and be insensitive to the thermal boundary conditions. Values of h (or nondimensionalized h) that are based upon T aw are transportable to the real engine for evaluation of convective heat transfer. Figure 29 shows heat transfer coefficients computed with ∞ T , the temperature in the flow external to the thermal boundary layer. We would expect these h values to be more dependent upon the thermal boundary conditions. At each location, it is found that the heat transfer coefficients cannot be determined at some times within the cycle, e.g. θ = 40° and θ = 250° for p1, θ = 60° for p2, 0° < θ < 50° for p3 and etc. That is because during these parts of the cycle, the temperature differences and the heat fluxes are too small and the heat transfer coefficients cannot be calculated with accuracy. At these points, we assign h = 0.
At p1, p2, and p3, the two definitions of heat transfer coefficients agree with each other very well (see Figures 28  and 29) . At p4, p5, p6, and p7, however, obvious disagreements occur. At these locations, the separation regions are thick and the free-stream velocities are low. The temperature gradients are weak and temperature changes throughout the boundary layer and the free-stream are slight. Therefore, the boundary layer edge is difficult to determine. Heat transfer coefficients based upon adiabatic wall temperatures are preferred. Figure 27 An example for determining the adiabatic wall temperature, T aw (p3, θ =328°) Figure 28 shows the heat transfer coefficients, versus location. The heat transfer coefficients at p2 are larger than those at p1 and p3. That is because, at p2, the flow is turning in direction due to the wall curvature. The heat transfer coefficients at p5, p6, and p7 are of the same level as p2, if the heat transfer coefficients when the velocity is around zero are not considered, e.g. the heat transfer coefficients around θ = 0°, 180°, and 360°. Figure 30 shows the ensemble-averaged Stanton numbers, defined as: The Stanton number distributions, with position on the heater head inner surface and time within the oscillatory cycle, can be applied to a Stirling cycle engine of the geometry of this test, operating at the Valensi and Reynolds numbers of this test. It is not entirely clear how the values might be modified for other geometries and operating conditions. Most of the free-piston engines have a "pressure vessel head" shape for the head geometry, the same as that applied in this study These results could be applied to that family of engines. Based upon experiences with turbulent pipe or boundary layer flows, one might expect that the values, normalized as Stanton numbers, will change with the Reynolds number to the negative 0.20-0.25 power, as with the turbulent pipe or boundary layer flows. The results will be Valensi number dependent. The Valensi number of this study, scaled with the displacer diameter, is not a proper ratio of diffusion time to cycle period. If converted to one based upon an average flow passage width as the length scale, it might be more suitable for Free-stream Temperature Adiabatic Temperature physical interpretation. For this test, this Valensi number would be roughly: 50 Va physical ≈ . In considering diffusion, it is tempting to use the turbulent viscosity rather than the molecular viscosity. The ratio between the two is variable, but in this flow, a ratio of about 10-20 is reasonable. With this change, the Valensi number becomes 2.5-5. Since it is above unity, it still indicates sensitivity to frequency.
To use the Stanton number distribution presented in Figure 30 for computing wall heat flux distributions, one must determine the temperature difference driving the heat transfer. An estimate of the average temperature of the fluid within the head region and the known distribution of heater head wall temperature would allow use of the measured Stanton numbers to make an estimate of the time and space-varying heat fluxes. This would be very approximate. This model could be improved upon with a time-resolved, 1-D model, such as Sage (Gedeon, 1999) , to evaluate the spatiallyaveraged, but time-resolved expansion space fluid temperatures. A more accurate method for application of these data is to compute the spatially-resolved flow and thermal fields by applying the Stanton numbers of this report and the known wall temperature distribution. This can be done accurately with a rather coarse axisymmetric CFD model. Note that the near-wall region need not be finely resolved for the heat transfer coefficients are given to the analysis and are not computed. When converged, this would give a good estimate of the spatial and time-resolved temperature field and adiabatic wall temperatures. The wall heat flux values could be computed from the Stanton number data.
It is important to note that this Stanton number characterizes the convective heat flux. It does not include the heat flux associated with isentropic compression heating and isentropic expansion cooling of the Stirling cycle fluid. This component of heat flux could be computed separately and superposed on the heat flux by convection computed from the convective Stanton number results presented in this report. 
Conclusions
The velocity and temperature profiles are measured under oscillatory flow conditions simulating flow in the expansion space of a Stirling cycle engine. The unsteady heat fluxes, heat transfer coefficients, and Stanton numbers are obtained from the measurements. The flow separates from the head surface due to the curved wall geometry and the adverse temporal pressure gradients. Flow visualization, velocity measurements, and thermal measurements show very consistent behavior. The average heat transfer coefficients are remarkably low. This is because of the thick boundary layers and separation zones on the head inner wall.
The measured Stanton numbers could be used in conjunction with coarse CFD models to compute heater head wall heat flux distributions. A short discussion on this is presented. The measured velocities and temperatures could be compared with numerical simulations of the test rig to aid in validation of multidimensional design codes.
